Steering Behavior of a Track-Driven Paintball Robot  by Low, Cheng Yee et al.
 Procedia Engineering  41 ( 2012 )  1516 – 1523 
1877-7058 © 2012 Published by Elsevier Ltd.
doi: 10.1016/j.proeng.2012.07.344 
International Symposium on Robotics and Intelligent Sensors 2012 (IRIS 2012) 
 
Steering Behavior of a Track-Driven Paintball Robot  
Cheng Yee Low*, Rosdayanti Fua-Nizan, Khairul Azmi, Noor Ayuni CZ 
 Centre of Excellence for Humanoid Robots and Bio-Sensing, Universiti Teknologi MARA, Malaysia  
 
Abstract 
Studies on the steering characteristics of track-driven mobile robot have been previously performed in terms of stationary 
motions at a constant speed. Nevertheless, stationary motions are rather rare and almost all motions of track-driven mobile 
robot are non-stationary. This work presents an analysis on the steering behaviour of a track-driven paintball robot. A 
mathematical model of a track-driven platform that allows the study of its curvilinear motion on firm level ground has been 
developed. The non-linear kinematics model was simulated to predict the steerability of track-driven paintball robot under 
curvilinear maneuvers at varying initial velocities. The purpose of the modelling is to understand the locomotion and the 
behavior of the track-driven platform towards the development of an autonomous paintball robot named as the iBOT. 
 
© 2012 Cheng Yee Low et al. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Centre of 
Humanoid Robots and Bio-Sensor (HuRoBs), Faculty of Mechanical Engineering, Universiti Teknologi MARA. 
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Nomenclature 
L  track contact length 
B   width of track 
R1, R2  rolling resistance of the inner and outer tracks 
αgx, αgy  longitudinal and lateral components of frictional force of track under (i,j) wheel 
Sy, Sx  variation of C.G. by rolling 
D  displacement of pivoting point of vehicle 
G  total weight of the vehicle 
H  height of C.G. 
Sx  Slip ratio of the track 
V  vehicle speed at C.G. 
Vx  Forward velocity of the vehicle 
Vy  Lateral velocity of the vehicle 
Vsxj  Longitudinal clip velocity of track 
Vsxi  Lateral velocity of the track 
β  Side slip angle 
Ψij  Slipping direction of track under (i,j) wheel 
θ  Yaw angle 
θf  approach angle of track 
θr  departure angle of track 
i  i-th road wheel 
j  inner track, j=1, outer track, j=2 
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1.0 Introduction 
A paintball robot competition is a game based the rules and regulations of an actual paintball competition. Such 
competitions have been taking place in Malaysia recently, for instance, the Malaysia University Robot Competition 
(MURoC). Most paintball robots at the moment are remotely controlled. The challenge is how to embed partial intelligence 
into such robots to realize autonomous operation without human interventions. The autonomous operation of a paintball 
robot requires not only analysis on mobility but also analysis on its steerability at varying speeds. This work presents an 
analysis of the steering behavior of a track-driven paintball robot towards the goal for the development of an autonomous 
paintball robot. Obviously tracked-driven robots have different steering characteristics in comparison with normal wheel-
driven robot. For the steering of the robot, a number of approaches exist, e.g. skid-steering, steering by articulation and 
curved track steering. The scope of this work is limited to skid-steering, which is commonly used for achieving a smaller 
turning radius as required by various unmanned applications in constrained space.  
 
2.0 Prototype development 
A working prototype of a paintball robot named as iBOT is currently under development. The iBOT is a highly-robust, 
all-terrain robot equipped with two main tracks used for locomotion and capable to climb stairs and obstacles. Figure 1 
illustrates the system architecture for iBOT. The system consists of four mechatronic function modules, i.e. a track drive 
module, a navigation module, a marker module and a perception module. A CPU linking the sensors and the actuators 
serves as the central processing for implementing the autonomous strategies.  
 
 
Fig. 1. Active structure of the iBOT 
 
The track drive module consist of two industrial 24V DC motors with maximum power rating of 50W and torque up to 
2.7 Nm. They are coupled to the sprockets driving the tracks. The marker module is constructed with two servo motors for 
realizing the tilting and panning motions of the paintball marker. The navigation module consists of a compass, an IMU unit 
and a GPS system which provide information required by the navigation module. A laser range finder and a Hamid’s Vision 
Module 2 (HaViMo2) [1][2] with the capability of image capturing and processing are mounted on the system. The image is 
processed by a unique region growing and gridding algorithm method. As such, it is possible for iBOT to distinguish 
between teammates or opponents in the game field as well as for obstacle avoidance. 
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3.0 Kinematics analysis of a Track-Driven Paintball Robot 
The steering characteristics of tracked vehicles such as that of a military tank have been investigated for a long time. 
Steeds [3] clarified the skid steering mechanism by taking into consideration the longitudinal slip on the track of tracked 
vehicle. However in his study, a uniform ground pressure was assumed and a tedious trial and error method of solution was 
suggested. Weiss [4] used a more practical model based on the study of turning performed by Steeds. It is suggested in his 
report that for running on hard ground it would probably be more efficient to treat a proper track as a line of wheels 
represented by point loads rather than as a load uniformly distributed along a straight line. The publications on skid steering 
[5][6] and transient steering [7][8] of tracked vehicles are also referred. All the equations were derived following these 
assumptions. 
 
x The vehicle is symmetric with respect to xz-plane and yz-plane. 
x n road wheels are arranged in tandem on each side of the vehicle body. 
x The loads at the interface between ground and tracks are concentrated under the road wheels while the vehicle 
maneuvers. 
x Friction between ground and track is Coulomb friction, and it is anisotropic as suggested by [9][10]. 
x Aerodynamic forces during the turning maneuver of the vehicle are neglected. 
 
Figure 2(a) shows the motion of a tracked vehicle, modelled based on two coordinate frames, i.e. a global XYZ frame 
and a local xyz frame. The global XYZ coordinate frame is fixed at the origin while the local xyz frame is moving with the 
motion of the robot. The heading of the tracked robot is indicated by the x-axis and θ is the yaw angle. The instantaneous 
velocity at the origin of the x-y frame is represented by vector V, hence the orientation of the moving vehicle with respect to 
the direction of motion is the side slip angle, β and the directional angle φ is expressed as θ- β. Figure 2(b) shows that the 
motion of turning vehicle, with x and y component of the instantaneous velocities of arbitrary points of the vehicle body 
indicated by solid arrows. 
   
(a)       (b) 
 
Fig. 2. (a) Coordinate system and (b) turning motion of the track-driven iBOT 
 
The velocity  Vg, forward and lateral accelerations αgx, αgy of centre of gravity are given by: 
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With the velocity of geometric center V as shown in (1), side slip angle β, and side slip rate  β , of the geometric centre are 
expressed as:        
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The coordinates of the geometric centre are defined as: 
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 Hence the radius of curvature of the trajectory of the centre of gravity; Rc then could be defined as; 
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Plane motion of rigid body is also considered as the result of continuous rotation about the instantaneous centre which 
fluctuates with time, given out the instantaneous centre of rotation of the body is defined as: 
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 Since both tracks have no degree of freedom in y-direction, the tracks will move in y-direction with the speed of the body.  
Therefore, the slip velocities of the track under the i th road wheel can be expressed as: 
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where subscript i present the order of road wheels from the front of vehicle, and subscript inner track when j = 1 and outer 
track when j = 2. The direction of slipping of the track shoe under the (i, j) road wheel on the other hand is expressed as 
follows. 
     ߖ݆݅ ൌ െͳ ቌ
ܸݏݔ݆
ටܸݏݔ݆ ʹ൅ܸݏݕ݅ ʹ
ቍ                                       
     ߖ݆݅ ൌ െͳ ቌ
ܸݏݕ݆
ටܸݏݔ݆ ʹ൅ܸݏݕ݅ ʹ
ቍ                     (7)
Slip ratio is the difference between the track velocity and forward velocity of the part of the body on the centre line of the 
track divided by the largest magnitude of these two velocities is used in the friction coefficient. 
 
     ݆ܵ ൌ ܸݏݔ݆ܧݔݐݎ ൣܸݐ݆൅ܸݏݔ݆ ǡܸݐ݆ ൧                                    (8) 
 From equation (10), it is possible to obtain slip ratio with magnitude greater than 1.0, hence the slip ratio is restricted to 
maximum magnitude of 1. The friction forces of the track are determined by knowing the forces acting upon each road 
wheel must be known. The distributed load acting on the shoe under the (i,j) th road can be expressed as follows. 
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where Pwij is the load distributed in static condition, Pyij and Pwij are loads transferred due to centrifugal forces in the 
longitudinal and transverse direction, and PMij is the load change due of track tension. The load distribution under static 
condition is  
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where DhP and DhR is the distance between geometric centre and pitch axis and distance between geometric centre and roll 
axis respectively.  The relationship between G and PW hence is given by 
  
     ʹσ ܹܲ ݆݅݊݅ൌͳ ൌ ܩ                          (11) 
On the other hand, the load transfer due to transverse and longitudinal component of the centrifugal force can be determined 
as follows: 
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where Hr and HP are the height of roll axis and pitch axis respectively. The load changes due to track tensions are influenced 
by the condition of the turning motions. The wind-up forces, tij, which reduces the first and last wheel, are approximated as 
follows. 
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where Qij is the longitudinal component of the friction force between track and ground under (i,j)-road wheel. Then the load 
changes due to tij become as follows. 
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From the assumption that the tracked vehicle is sliding with anisotropic Coulomb Friction, the longitudinal friction force is 
approximated from a pull-slip equation which is: 
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where E1 and  E2 are positive constant determined by pull-slip test. Due to insufficient data available to define the lateral 
coefficient for a turning track experimentally, hence it is computed using pull slip equation of S=1, by saying that the lateral 
coefficient on track point is equal to that of fully braked or skidding track. Therefore the lateral coefficient is expressed as: 
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where k is the anisotropic coefficient of friction. If the coefficient of friction is isotropic, k will be equal to 1. Then the x and 
y components of the friction forces of tracks under (i,j)-road wheel could concluded as: 
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The rolling resistance is equal to the external resistance. Due to small value of external rolling resistance, compared to the 
brake force and tractive force, it is consider as proportional to normal load. Hence it becomes: 
   
     ܴ݆ ൌ ݂ σ ݆ܲ݅݊݅ൌͳ                    (18)
where f is the coefficient of rolling resistance. The equation of motion of the tracked vehicle is obtained from the 
equilibrium of forces in the x and y directions and from the moments about the z-axis. 
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4.0 Simulation Results  
 
The differential equations derived from the turning motion of the tracked-driven iBOT as summarized in (19) were 
programmed and numerically solved using Matlab Simulink. The parameters used for the simulation are shown in Table 1. 
The simulation of the trajectories at the centre of gravity of the iBOT is obtained by varying its initial forward velocities 
from 10m/s to 40m/s under a progressive adjustment of the steering ratio from 1:1 to 1:2 within 3 seconds. The results are 
shown in Figure 3. From the simulation results, it shows that the track-driven iBOT was moving in a straight line for the 
first 1 second in all four different initial velocities. A longer response delay can be observed as the initial velocity increases 
from 10m/s to 40m/s due to the inertia of forward motion. Besides that, as the initial velocity increases, the trajectory spirals 
inward with the centre line of iBOT directed inside to the turning centre causing a significant drop of the turning radius.  
 
 
Table 1 Parameters of track-driven iBOT 
 
 
 
           
Fig. 3. Curvilinear maneuvers of iBOT under varying initial velocities of 10m/s, 20m/s, 30m/s and 40m/s. 
 
 
The model is also simulated to verify how the track-driven iBOT can be navigated from one location to another 
location. The robot is set to be moving from a start point as illustrated in Figure 4(a) and avoiding teammates and bunkers 
towards a stage. The variation of the inner and outer track velocities along the trajectory from the start point to the end point 
are simulated and shown in Figure 4(b). It serves as the inputs for the controllers of the motors driving both the tracks of 
iBOT. For instance, a straight line motion for the first 10m requires both tracks to be controlled at a same speed, but after 
that the outer track velocity has to be increased and the inner track velocity has to be reduced and thus resulting in a change 
of direction of iBOT from straight line motion to a steering motion to the left.  
Angle of departure, θr
PARAMETERS VALUE
14.5 kg
5
360 mm
240 mm
77 mm
25°
21°
Weight, G (mg)
No of wheels on each side, n
Ground contact length, L
Vehicle thread, B
Height of cnter of gravity, H
Angle of approach, θf
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(a) 
  
 
(b) 
 
Fig. 4. Input track velocities along the trajectory from start point to end point in (a) 2D and (b) 3D projection 
 
 
5.0 Conclusion 
A simulation model for analysing the steering behaviour of a track-driven paintball robot has been development. Such 
kinematics model can be used to predict the steerability of a track-driven iBOT to provide better understanding its 
controllability at different speeds. The simulation results show that as the initial forward velocity increases, a longer 
response delay can be observed in a turning motion and trajectory spirals inward with the radius of the turning curvature 
drops significantly, indicating that the iBOT experiences over-steering and prone to become unstable. Such understanding is 
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essential for the development of an autonomous paintball robot.  
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